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Multiple strains of Bordetella parapertussis and B. bronchiseptica were examined for the presence of
nucleotide sequences which hybridized with a cloned 4.5-kilobase (kb) fragment of B. pertussis DNA containing
the genes responsible for pertussis toxin expression. All six B. parapertussis strains tested had nucleic acid
sequences that hybridized with the cloned 4.5-kb fragment in Southern blot analyses. When the B. parapertussis
DNA was digested with restriction endonuclease PstI, the pattern of hybridization was identical to that obtained
with B. pertussis. Only five of the seven B. bronchiseptica strains tested had sequences that hybridized with the
4.5-kb fragment. Three of these B. bronchiseptica strains had a hybridization pattern identical to B. pertussis
upon PstI digestion and Southern blot analyses. Two B. bronchiseptica strains were shown to lack a PstI
cleavage site downstream from the region analogous to that coding for the pertussis toxin structural genes.
Monoclonal antibody analyses were unable to detect pertussis toxin subunits Sl and S2 in Western blots with
cellular material or culture supernatant from several B. bronchiseptica and B. parapertussis strains that
possessed the DNA homologies. In addition, preliminary Northern hybridizations with RNA isolated from B.
bronchiseptica and B. parapertussis strains suggested that the homologous regions were not transcribed. The
data show that the gene coding for the toxic component of B. pertussis is common in other Bordetella species,
though the gene probably is not expressed.

Species in the genus Bordetella are closely related pheno-
typically, possess common antigens (23), and share a high
degree ofDNA homology (9, 10). Virulence determinants of
Bordetella pertussis common to B. bronchiseptica and B.
parapertussis include an extracellular adenylate cyclase (4,
21), dermonecrotic toxin (12, 23), a heat-labile toxin (22, 23),
and hemolysins (5, 23). Despite such similarities, significant
differences do exist. Of particular importance is the fact that
the host range of these organisms varies widely; B.
bronchiseptica can infect humans, dogs, swine, and other
animals (6), whereas B. pertussis and B. parapertussis are
recognized exclusively as human pathogens (7, 16). B.
pertussis is considered the causative agent of whooping
cough, yet B. bronchiseptica and B. parapertussis some-
times appear as clinical isolates in mild forms of the disease
(3, 6, 7, 16).

Activity of pertussis toxin (pertussigen, lymphocytosis-
promoting factor), a major virulence determinant of B.
pertussis, is conspicuously absent in B. bronchiseptica and
B. parapertussis (6, 24). The toxin has a variety of biological
effects, including histamine sensitization, lymphocytosis-
promoting activity, and an ADP-ribosylation activity, to
name a few (for a review, see reference 26). The role of the
toxin in the pathogenesis process is not completely under-
stood and has recently attracted a great deal of interest.

Recently, investigators in this and another laboratory
were successful in cloning the entire pertussis toxin gene (14,
20). The complete nucleotide sequence was determined, and
the amino acid sequences of each of the individual subunits
were deduced (15). All five subunits are coded by closely
linked cistrons in a region of the genome 3.1 kilobases (kb)
long.
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The cloning of the B. pertussis toxin gene presented a
unique opportunity to look for specific homologies in the
genomes of B. bronchiseptica and B. parapertussis. When
pertussis toxin gene fragments were hybridized with B.
bronchiseptica and B. parapertussis DNA, a high degree of
homology was detected. This suggests that although these
species are considered to be deficient in toxin activity, they
apparently harbored the genes encoding the toxin. A survey
of B. bronchiseptica and B. parapertussis strains was there-
fore undertaken to ascertain the occurrence of the gene and
the extent of homology in a number of strains.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in

this study are listed in Table 1. All strains were provided by
Leonard Mayer (Centers for Disease Control, Atlanta, Ga.),
except for B. bronchiseptica 7668 and 899L and B. pertussis
3779, which were provided by John Munoz (Rocky Moun-
tain Laboratories). Bacteria were inoculated from frozen
stocks onto Bordet-Gengou agar supplemented with 15%
defibrinolated horse blood and cultivated at 37°C. For isola-
tion of DNA, strains were inoculated from Bordet-Gengou
plates to Stainer-Scholte liquid cultures and incubated at
37°C with agitation at 250 rpm.
Enzymes and DNA fragment isolation. Enzymes used in

this study were obtained from Bethesda Research Labora-
tories, and digests were performed according to the instruc-
tions of the suppliers. A 4.5-kb cloned fragment of B.
pertussis DNA containing the toxin gene was excised from
plasmid pPTX42 (14, 15) by digestion with EcoRI and
BamHI and isolated by 0.8% low-melting-point agarose gel
electrophoresis followed by purification on Elutip-d columns
(Schleicher & Schuell, Inc.). Four fragments generated by
PstI digestion of the 4.5-kb insert were isolated by the same
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TABLE 1. Sources of strains used in this study

Species Strain Origin reference'

B. bronchiseptica K1011 Unknown ATCC (9)
K1020 Guinea pig ATCC (9)
4617 Unknown ATCC (9)
5376 Unknown 2
19395 Dog ATCC (9)
7668 Unknown J. Munoz
899L Unknown J. Munoz

B. parapertussis K1010 Human ATCC
5952 Human NCTC (9)
15237 Human 9
15311 Human ATCC
17879 Unknown L. Mayer

B. pertussis 9797 Human ATCC
3779 Vaccine strain Eli Lilly & Co.

a Abbreviations: ATCC, American Type Culture Collection, Rockville,
Md., NCTC, National Collection of Type Cultures, Central Public Health
Laboratory, London NW9 5HT, England.

procedure. Each DNA fragment was labeled by nick trans-
lation (Bethesda Research Laboratories) with [a-32P]dCTP
(800 Ci/mmol; New England Nuclear Corp.).

Colony hybridizations. Genomic DNA was extracted ac-
cording to the procedure of Hull et al. (8). Bordet-Gengou
plates were overlaid with a colony/plaque screen hybridiza-
tion transfer membrane (New England Nuclear), individual
colonies were transferred to the membrane with a toothpick,
and the plates incubated overnight at 37°C. Each disc was
hybridized according to the instructions of the manufactur-
ers except that herring sperm DNA (Sigma Chemical Co.)
was substituted for salmon sperm DNA. Filters were probed
with the nick-translated labeled 4.5-kb PstI fragment (about
1 ,uCi/ml). The dried filters were exposed to Kodak X-ray
film with a Lightning-Plus (Du Pont Cronex) intensifying
screen.

Southern blot analyses. Approximately 540 ng of genomic
DNA from each strain was digested with PstI, loaded onto

a.

b.

1% (wt/vol) agarose gels, and electrophoresed at 26 V for 15
h. DNA from the gels was transferred to nitrocellulose filters
and hybridized (14) to the nick-translated probes as follows.
Filters were prehybridized at 680C for 4 h in 6x sodium
chloride-sodium phosphate-EDTA buffer (SSPE [17]) 0.5%
(wt/vol) sodium dodecyl sulfate (SDS), 5 x modified
Denhardt (all concentrations given are vol/vol: 0.1% Ficoll
400, 0.1% bovine serum albumin, 0.1% polyvinylpyr-
rolidone, and 0.3 x SSPE), and 100 ,ug of herring sperm DNA
per ml. The hybridization buffer was the same as the
prehybridization buffer, except EDTA was added to a final
concentration of 10 mM. Nick-translated probes were hy-
bridized at a concentration of about 1 ,uCi/ml for 48 h at
68°C. Filters were then washed in 2x SSPE and 0.5%
(wt/vol) SDS at room temperature for 5 min and then in 2 x
SSPE and 0.1% (wt/vol) SDS at room temperature for 15
min, and finally in 0.1 x SSPE and 0.5% (wt/vol) SDS at 68°C
for 2 h. The washed filters were air dried and exposed to
X-ray film with an intensifying screen.
Monoclonal antibodies and Western blots. Monoclonal an-

tibodies were isolated as described elsewhere (K. S.
Marchitto, J. J. Munoz, and J. M. Keith, manuscript sub-
mitted). Western blots were performed by a modification of
the methods of Towbin et al. (25) and Burnette (1) as
described by Marchitto et al. (18).

RESULTS

A 4.5-kb fragment of B. pertussis DNA, encoding the
pertussis toxin gene sequence (Fig. 1) was labeled by nick
translation and used to probe colonies of B. bronchiseptica,
B. parapertussis, and B. pertussis. The probe hybridized to
all B. pertussis and B. parapertussis strains, and five of the
seven B. bronchiseptica strains (data not shown). The re-
sults suggest that strains of B. bronchiseptica and B.
parapertussis, previously thought to be deficient in pertussis
toxin, possess at least a portion of the pertussis toxin gene
sequence.
To further assess this apparent homology, DNA from

several strains of each of the three species was digested
completely with PstI, subjected to electrophoresis, blotted
onto nitrocellulose, and probed with the same labeled 4.5-kb
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FIG. 1. Organization of the cloned 4.5-kb EcoRl-BamHl B. pertussis DNA fragment containing the pertussis toxin structural genes. (a)
Restriction map depicting sites of PstI cleavage; (b) Pstl fragments derived from digestion of 4.5-kb DNA; (c) organizational map of the
pertussis toxin gene. The open arrows show the translational direction and length of the protein-coding regions for the individual subunits.
The hatched boxes indicate signal peptides. Molecular weights for the respective subunits are given above the arrows.
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fragment that contains the pertussis toxin gene. PstI diges-
tion of B. pertussis DNA was shown to yield four fragments
of sizes 1.5, 1.5, 1.3, and 1.0 kb (Fig. 1) which hybridize with
the 4.5-kb insert (14). Four of the PstI sites are shown in Fig.
1; a fifth site lies 0.8 kb downstream from the BamHI site and
generates the second 1.5-kb piece.
When the B. parapertussis DNA was digested with PstI,

the hybridization patterns of all five strains were identical to
those of B. pertussis strains 3779 and 9797 (Fig. 2A).

Hybridization of the 4.5-kb fragment with PstI-digested
DNA of B. bronchiseptica yielded different patterns (Fig.
2B). Strains 19395, K1020, and 5376 produced a pattern
similar to that of the B. pertussis and B. parapertussis
strains. Strains K1011 and 4617 apparently lacked a restric-
tion site, as suggested by the disappearance of the 1.0-kb
band and the presence of a new 2.5-kb band. This is
consistent with the absence of a PstI site in the region
analogous to that lying between the 1.0- and 0.7-kb frag-
ments of the original cloned 4.5-kb insert (Fig. 1). Two of the
B. bronchiseptica strains, 7668 (Fig. 2B) and 899L (not
shown), had no detectable sequences homologous with the
4.5-kb piece of DNA.
The initially observed hybridization patterns were further

assessed by first digesting the 4.5-kb fragment completely
with PstI to yield four pieces of sizes 1.5, 1.3, 1.0, and 0.7 kb
(Fig. 1), and then by using the labeled fragments to probe
Southern blots with B. bronchiseptica DNA from each of the
strains above (Fig. 3). It should be noted that incomplete
purification of the fragments may have resulted in the
observation of background reactions in the blots. As ex-
pected, hybridization was not observed in any of the exper-
iments with strains 899L and 7668 (Figs. 2 and 3).
The 1.5-kb PstI fragment A and 1.3-kb fragment B hybrid-

ized with the corresponding PstI fragments in five of the
seven strains of B. bronchiseptica tested (Fig. 3A and 3B).
The hybridization patterns ofB. pertussis DNA are shown in
the first lane of each panel for comparison.
The results with the PstI 1.0-kb fragment C and 0.7-kb

fragment D are shown in Fig. 3C and D. These fragments
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FIG. 2. Southern blot analyses of (A) B. pertussis and B.
parapertussis and (B) B. pertussis and B. bronchiseptica genomic
DNA with a cloned probe. DNA was digested with Pstl and
analyzed by Southern blot with the nick-translated 4.5-kb cloned
fragment containing the pertussis toxin structural genes.
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FIG. 3. Southern blot analyses of B. pertussis and B.

bronchiseptica genomic DNA with fragments derived from a cloned
probe. The 4.5-kb cloned B. pertussis DNA fragment was digested
with PstI to yield four pieces of (A) 1.5 kb, (B) 1.3 kb, (C) 1.0 kb,
and (D) 0.7 kb length. Each fragment was nick translated and used
as a probe to produce the blots in each panel.

each hybridized with the respective 1.0- and 1.5-kb pieces in
B. bronchiseptica 19395, K1020, and 5376 and B. pertussis
3779. The two PstI fragments hybridized with the 2.5-kb
band in strains K1011 and 4617, although the bands were

somewhat faint in some cases. This result confirmed that the
PstI site located between fragments C and D of the 4.5-kb
pertussis toxin gene was absent in these strains.
The highly stringent reaction conditions used in these

studies required that at least 75% homology must be present
between the pertussis toxin genes and the B. bronchiseptica
and B. parapertussis DNA sequences for hybridization to
occur (19). It is possible that toxin subunits were made but

m B. bronch.
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in an inactive form. Attempts to detect toxin subunits in
Western blotting procedures with polyclonal antisera were
difficult to interpret because of the presence of highly
reactive background material in cellular preparations. Mono-
clonal antibodies specific for subunits Si and S2 were also
used to test these strains (data not shown). There was no
detectable reaction when solubilized whole-cell material or
culture supernatants from several B. bronchiseptica and B.
parapertussis strains were probed. Subunits S1 and S2 were
detected in cellular material and culture supernatants from
B. pertussis 3779.

Preliminary studies with Northern hybridizations by using
purified RNA from each of the strains in this study suggested
that only B. pertussis RNA was capable of hybridizing with
the labeled 4.5-kb pertussis toxin gene probe (data not
shown). The Northern hybridization studies were inconclu-
sive, however, because of problems encountered in the
isolation of stable mRNA species.

DISCUSSION

We demonstrated the presence of pertussis toxin gene
sequences in several strains of B. bronchiseptica and B.
parapertussis. Most of the strains of B. bronchiseptica and
B. parapertussis contained DNA that hybridized with ge-
netic probes derived from the cloned (14, 15) B. pertussis
toxin gene.
The evidence presented here indicates that a large portion

of the pertussis toxin gene was intact in the strains with
homologous sequences. The conditions used for hybridiza-
tion were highly stringent; at least 75% homology would
have been necessary to allow for hybridization (19) to occur.

All six B. parapertussis strains tested had nucleic acid
sequences that hybridized with the cloned 4.5-kb B. pertus-
sis DNA fragment. When the B. parapertussis genomic
DNA was digested with restriction endonuclease PstI, the
pattern of hybridization was identical to that observed with
B. pertussis (Fig. 2). The patterns with the B. bronchiseptica
strains were variable. Three strains had patterns identical to
B. pertussis, two strains were found that had no regions of
homology under the conditions used here, and two others
differed in the migration of one band. Close examination of
the two B. bronchiseptica strains revealed the absence of a
PstI cleavage site in the region analogous to the PstI site
found between the 1.0- and 0.7-kb segment of the cloned
sequence in Fig. 1. This area of the B. bronchiseptica
genome, outside the structural pertussis toxin gene, is ap-
parently variable among different strains. It is interesting
that in most cases the region containing the toxin structural
genes was conserved.
The existence of the conserved regions has interesting

implications. The less virulent strains of Bordetella are
generally considered to be deficient in toxin activity (6, 24).
Several explanations are possible for the lack of detectable
toxin in these strains. The toxin gene sequences in B.
parapertussis or B. bronchiseptica may be altered or cryptic.
Alternatively, the toxin may be synthesized but unable to
escape the cell. A third possibility is that an incomplete or
altered toxin may be synthesized and secreted but may be
biologically inactive in standard tests of pertussis toxin
activity.
We were unable to detect pertussis toxin subunits S1 and

S2 in the cells and culture supernatants of B. bronchiseptica
and B. parapertussis with monoclonal antibodies specific for
these peptides. These subunits were, however, detected in
B. pertussis 3779. This suggests that if the toxin is made in

the less virulent Bordetella species, it must be altered in
some way. Even a single amino acid change would be
sufficient to alter a specific epitope recognized by a mono-
clonal antibody probe. These studies are being extended
further to include polyclonal antisera and a larger panel of
monoclonal antibodies. However, preliminary results with
Northern hybridizations suggested that mRNA which hy-
bridized with the toxin gene probe was present only in B.
pertussis and not in the other species tested here. Such a
result indicates that the toxin genes of B. parapertussis and
B. bronchiseptica are not expressed.

It is possible these species arose from a single, common
ancestor. Alternatively, the less virulent species of this
family are the result of selective pressures on B. pertussis.
Kumazawa and Yoshikawa (11) have suggested that B.
parapertussis appears in a population through antibiotic
selection after treatment of B. pertussis infections. It is
possible that a pleiotropic mutation affecting characteristics
indicative of each of these species may also have affected
toxin expression. Lack of toxin expression would result in
the absence of selective pressure to maintain the toxin gene
and hence could have given rise to the variability in the
nucleotide sequence. Changes in the reverse direction-that
is, from B. bronchiseptica or B. parapertussis to B. pertus-
sis-may also be a possibility. If this is the case, mild B.
parapertussis infections in humans may represent a human
reservoir for whooping cough. B. bronchiseptica infections
in animals may represent a nonhuman reservoir, thus raising
questions about the potential for complete eradication of the
disease.
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